Zn-and O-isotopically enriched ZnO nanorods were grown with excellent optical quality allowing an identification and resolution of various bound exciton zero phonon lines. Furthermore, the well-known Cu-related emission at 2.86 eV could specifically be studied in 
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INTRODUCTION
An area of particular interest in the literature has been the production of ZnO nanorods for use in optical and optoelectronic applications including photodetectors (photodiodes and photovoltaics) [1, 2] , UV emitters such as LEDs [3] and laser diodes [4] [5] [6] [7] [8] transparent conducting oxides (TCO) in solar cells and as a transistor material.[9-11] These materials have been produced using a number of growth methods including chemical bath deposition (CBD), vapour phase transport (VPT), chemical vapour deposition (CVD) and hydrothermal deposition. [10, [12] [13] [14] [15] [16] [17] The optical properties of these materials are mainly determined by the nature and concentration of defects and impurities in the materials. [18] Thus, characterisation and understanding of such defect species is crucial for the ultimate application of the ZnO nanorods. Furthermore, isotopic enrichment is an established technique in the study of crystal structure and impurities in semiconductor materials such as ZnO. [19] [20] [21] [22] [23] [24] There has been a reasonable amount of studies of free exciton (FX) photoluminescence (PL) and Raman behaviour in isotopically enriched ZnO, but much fewer studies on bound exciton (BX) emissions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 3 The application of ZnO material in optoelectronic devices may be affected by both deeper level defects near the middle of the band gap as well as the shallow defects causing bound exciton emission such as the I-lines in PL. The Cu-related emission at 2.86 eV in ZnO is one such deep radiative defect centre yielding a bright, structured, wide emission band peaking in the green visible region, referred to as the structured green band (SGB). It comprises a zero phonon line (ZPL) at 2.86 eV and a series of longitudinal optical (LO) replicas separated by ~72 meV showing strong electron-phonon coupling.
[31] Although the emission spectrum of ZnO had been studied for some time, the origin of this SGB was not certain when R. Dingle made one of the most fundamental contributions to the discussion in Isotopically enriched ZnO nanorods of excellent quality present an opportunity for a detailed study of the Cu-related emission at 2.86 eV and its associated phonon sideband for revealing the local environment of the defect. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
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We have recently reported the growth of isotopically enriched ZnO nanorods grown using three novel methods. [38, 39] Here, we report a combined optical study of both Zn-and O-isotopically enriched ZnO nanorods whose very high structural and optical quality allows detailed study of their optical properties at low temperatures concerning shallow and deep defect emission centres. Specifically, the near band edge (NBE) and the Cu-related SGB 2.86 eV ZPL data for such enriched ZnO materials are investigated and the effects of enrichment on the Cu-related defect at 2.86 eV is examined to further determine the local environment of the defect responsible. These data and analyses provide the first direct evidence in support of the model proposed in Dingle's original work of this defect being composed of a single substitutional Cu atom on a Zn site with nearest neighbour O atoms.
MATERIALS AND METHODS
The detailed growth methods employed are described in references [38, 39] . In short, the Zn-isotopically enriched samples were grown using a three-step process involving a dropcoated seed layer, and buffer layer of ZnO nanorods grown by chemical bath deposition 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 5 Oxygen-isotopically enriched ZnO nanorods were grown by two methods as previously reported. [39] The CTR-VPT growth process is based on the reduction of ZnO powder by the graphite to produce Zn vapour and carbon monoxide (CO). The Zn vapour is then re-oxidised in a vapour-solid (VS) process at the energetically favourable sites provided by the aligned CBD buffer layer using residual O 2 present in the tube during growth (rather than the O initially in the ZnO powder, which is captured by C to form CO). In order to grow A c c e p t e d M a n u s c r i p t 7 lamp was placed on the optical table such that some of its emission also scattered into the spectrometer entrance slit. The spectral lines from this lamp were used to calibrate the spectra recorded to correct for minor irreproducibility from scan to scan. In addition, the spectra have been corrected for the refractive index of air. Each sample was also examined using an additional system, a Bomem DA8 FT spectrometer and IPH8200L PMT detector with a second cryostat, a Janis Research CSS-550 cooled to ~19 K. Note that the results from both systems were in perfect agreement. A portion of some samples was annealed for ten A c c e p t e d M a n u s c r i p t 8 minutes at 900˚C in the same oxygen isotopic environment as used during their growth to increase the green band intensity for some measurements. [44, 45] 3. RESULTS AND DISCUSSION 3.1. Zn-enriched Nanorods Figure 2 shows the NBE and Cu-related 2.86 eV ZPLs for the Zn-enriched samples. .
The dominant feature in the near band edge region is the I 9 line attributed to In impurities, which is of particular interest for the purposes of our subsequent analysis, as described below. [46] The I 8 and I 6 lines attributed to Ga and Al impurities are also clearly observed. [46] [47] [48] The I 2 line attributed to ionised In impurities [49] and the surface 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Zn 18 O, which is not seen for the NBE BX-lines.
Energy shifts and line widths for Zn-enriched Nanorods
In order to investigate the effects of the Zn isotopic changes on the local defect environment on the Cu-related 2.86 eV ZPL and associated SGB in ZnO, we compare the shifts and line widths in exciton recombination energies in the NBE region with those of the Cu-related 2.86 eV ZPL. NBE emission energy shifts were observed in these samples when the isotopic content of the crystal was changed, [38, 39] due to the change in mass and corresponding change in the energy of the crystal vibronic states due to the isotope effect.
However, we expect that the local defect environment (essentially the nearest neighbour 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 13 the two emissions are therefore as small as ~0.1 meV, within the experimental error considering the scan resolutions.
The shifts in the I 9 and Cu-related 2.86 eV ZPL positions are of the same order as those reported previously for ZnO single crystals. [52, 53] There appears to be neither a significant excess shift in Cu-related 2.86 eV ZPL position relative to the NBE position nor any change in line width of this feature. Furthermore, there is no significant change in line width of the I 9 line in the samples. Hence, the absence of a discernible relative spectral shift, in addition to the constant line width of the I 9 and Cu-related 2.86 eV ZPL features for all Znenriched samples shows clearly that the Cu impurity in not in a Zn-dominated environment.
Thus supports the assignments from previous work that the Cu atom in this defect is on a Zn Figure 5 shows the energies of the I 9 and Cu-related 2.86 eV ZPL lines in each VS and VLS O-enriched sample. In each graph, the left hand y-axis (black) shows the I 9 energies, and the 
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Figure 5: Energies of the I 9 lines (black) and Cu-related 2.86 eV ZPL lines (blue) in the (a) VS, and (b) VLS O-enriched ZnO samples. The error bars represent the resolution for each scan to give an indication of the accuracy of the positions: ±0.035 meV for the I 9 lines and
±0.045 meV for the Cu-related 2.86 eV ZPL.
The increases in the energies of both the I 9 and Cu-related 2.86 eV ZPL lines are clearly shown in figure 5 . This indicates that isotopic enrichment with different compositions of O isotopes has been successful. However, there are a number of points to note while examining these energy shifts as described below. shifts to the Cu-related 2.86 eV ZPL shifts in each case is also shown in the table. The lines shift monotonically with isotopic enrichment, but the ratio the ratio of the I 9 energy shift to 2.86 eV ZPL shift remains roughly constant in our data. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t This shows that our samples are not fully isotopically enriched as would be expected from the nominal enrichments associated with the growth processes. The phonon energies measured by Raman spectroscopy for these samples previously reported also support this observation. [39] The reasons for this have been reported in more detail elsewhere and are most likely due to sources of oxygen already chemically bound within the growth system which can move into the growing nanorods, by some process of exchange with the 18 O, with some additional contribution of 16 O from ZnO residue on the tube and boat in the case of the VLS samples due to the higher temperatures used in that method. [39] Regarding the present study, it is clear from table 3 that the shifts in the Cu-related 2.86 eV ZPL energies in all the O-enriched samples are less than the corresponding shifts in the NBE region. This is observed across the VS and VLS samples. For example, the I 9 shift
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